Guangdong Province in China runs a risk of gradually increasing pollution of its agricultural land and, as a consequence, toxic agricultural products. We concentrate here on the situation for cadmium, copper, and lead. For these metals we describe the toxicology, the current pollution and its sources, and what can be done to improve the situation by cleaning the soil from pollutants, by choice of crops that allocate a minimum of the metals to edible parts, and by switching to non-food crops when other measures do not guarantee food safety.
INTRODUCTION
China has made outstanding economic progress since 1990, and the most developed of its provinces is Guangdong in the southeast. While air pollution is worst in northern China, the south is "leading" when it comes to pollution of agricultural soil. China cannot afford to abandon contaminated soil; she needs it for her growing population. Guangdong province alone has well over 100 million inhabitants and a mean population of about 600 inhabitants per km 2 , and it is heavily contaminated not only by heavy metals, but by virtually all organic substances produced by man: polycyclic biphenols, hormone disrupting compounds, antibiotics, pesticides, brominated flame retardants, and the like.
In this review we shall start by describing the properties and toxicologies of lead, cadmium, and copper, which are the most problematic heavy metals in Guangdong. We then describe their occurrence in agricultural soils and their accumulation in vegetation and food products, and we end by describing the strategies for coming to terms with the difficult situations we are facing today. The problems with air and water pollution have been reviewed by Zhang et al. (2010) .
TOXICITY MECHANISMS CADMIUM TOXICITY
The toxicity of cadmium is to a large extent due to its affinity for and replacement of the metal in sites in zinc proteins and in some other metal proteins, with impeded function as a result. While there are examples of functioning Cd-enzymes and of growth stimulation by Cd (Lane and Morel, 2000) , in the overwhelming number of organisms the effect of Cd is deleterious.
Cd can displace Zn, Fe, and Mn from superoxide dismutase, reducing or eliminating its activity. This, in combination with its affinity for glutathione (Glusic et al., 2013) , contributes to its ability to elicit oxidative stress. Cd can also displace Zn from zinc finger transcription factors, interfering with gene expression. The displacement of ionic cofactors from signaling proteins (e.g., calcium from calmodulin and zinc from transcription factors) modulates their ability to function correctly in signal transduction and transcriptional regulation. If Cd replaces Ca in calmodulin, there is interference with the intracellular level of the important signal transmitter, calcium. Cd can also interfere with microtubule dynamics (Ledda et al., 2013) and disrupt several pathways of hormonal signaling (Stasenko et al., 2010; Silva et al., 2012; Buha et al., 2013; Kluxen et al., 2013) .
At the human organismal level, main risks with long-term Cd exposure are the initiation of cancer and kidney damage. Kippler et al. (2012) found that early-life low-level cadmium exposure was associated with lower child intelligence scores. Interactions between Cd and other molecules and ions, such as PCB (Buha et al., 2013) or zink (Jara and Aránguiz-Acuña, 2013) , may lead to enhanced Cd toxicity.
LEAD TOXICITY
Lead, as Pb 2+ , has a tendency to bind to calcium and zinc binding sites in proteins and thereby disturb their functions (Jarzecki, 2007) . One of the earliest molecular lead effects described is the inhibition of the enzyme 5-aminolevulinic dehydratase, leading to impaired porphyrin synthesis. Lowered activity of this enzyme has been used as an indicator of lead poisoning. More recently attention has turned toward effects on the nervous system and on the developing human brain in particular. The blood threshold level of Pb should be <10 μg/dL (Jarzecki, 2007) , but that reflects only incidental (not chronic) exposure to lead (Rosin, 2009) . Because of the similarity between the divalent lead and calcium ions, more than 90% of body lead is stored in bone. Attention is also turning more and more toward the long-term effects of low-level lead exposure; these include telomere instability (Pottier et al., 2009) , and impaired cognitive function and behavior (Mansouri et al., 2013) . Older information concerning lead toxicity is reviewed by Needleman (2004) .
Lead poisoning has been common during specific historical periods. Most famous is the use by the classical Romans of lead in water pipes and food vessels, and their habit of spicing wine, fish sauce, etc. with "sapa" containing lead acetate (De Muynck et al., 2008) , (but it is not likely that this was an important reason for the fall of the Roman Empire as has sometimes been claimed). The nobility of the Chinese Shang dynasty was likely heavily poisoned by rice wine etc. kept in lead-containing bronze containers (Woolf et al., 2010) . During the Edo period in Japan, upper-class women used lead-containing cosmetics and poisoned not only themselves but their children (Nakashima et al., 2011) . In recent times use of lead in solder for food cans, and of tetraethyl lead in gasoline from 1920 till 1970 has caused lead loading of whole populations. As lead in gasoline was phased out, average blood levels in the population were found in one study to fall from above 100 to below 10 μg/dL (Needleman, 2004) .
COPPER TOXICITY
High concentrations of Cu in soil can have negative effects on microbial mediated soil processes (Wright and Welbourn, 2002) .
In humans, copper, which is an essential nutrient, is unusual in that it causes acute toxicity with gastrointestinal symptoms at lower exposure levels than those that cause chronic toxicity (Seeley et al., 2013) . Experiments with rats reveal that chronic intoxication with copper results in neurological effects and memory impairment (Pal et al., 2013) . A mutation in the gene for a copper-transporting ATPase causes Wilson's disease, a kind of genetic copper intoxication even in the absence of excess copper intake (Tanzi et al., 1993) . Use of copper in water pipes leads to copper in tap water, particularly in hot tap water.
When metal and metal oxides occur as very small particles, in the micrometer and nanometer ranges, new environmental dangers appear. Special attention has been given to widely produced silver nanoparticles ("nanosilver") and copper. In vitro experiments with lung epithelial and red blood cells showed that nanoparticles of the Cu metal and the Cu-Zn alloy were both highly membrane damaging and caused a rapid increase in such damage at a particle mass dose of 20 μg/mL, whereas the CuO nanoparticles and the μm-sized Cu metal particles showed no such effect (Karlsson et al., 2013) . At similar nanoparticle surface area doses, the nano and micron-sized Cu particles showed similar effects. Both Cu and Cu-Zn nanoparticles caused hemoglobin aggregation.
SOURCES AND DISTRIBUTION OF METAL POLLUTION ELECTRONIC INDUSTRY
Extensive electronic manufacturing is carried out in Guangdong, especially in the most developed Pearl River Delta (PRD) area, including the cities of Guangzhou, Shenzhen, Dongguan, Foshan, Huizhou, Zhongshan, Zhuhai, Jiangmen, and Zhaoqing. Large amounts of wastewater containing high levels of Cr, Zn, Cu, Pb, Ni, Cd are produced by numerous electroplate and electronic instrument factories in these areas. This wastewater is sometimes directly discharged into the surrounding environment without treatment and field observation) and may sometimes be loaded into agricultural soils by its use for irrigation Wang et al., 2013) . Cai et al. (2010 Cai et al. ( , 2012 analyzed the source of heavy metal contamination in the agricultural soil of Dongguan and Huizhou and found that industrial activities are the main sources of Pb and Hg in the farmland of both areas. Uncontrolled electronic waste recycling/dismantling activities have also contributed to the input of heavy metals (Cd, Cu, Pb, Zn) to the agricultural lands, especially in Qingyuan and Shantou cities Zheng et al., 2011) . Huo et al. (2007) reported elevated blood lead levels in the children of Guiyu, an e-waste recycling area located in Shantou. A primitive e-waste processing facility in Longtang and Shijiao towns in Qingyuan has caused serious heavy metal pollution (Cd, Cu, Pb, and Zn) in local agricultural soils and vegetables Liu et al., 2013a) .
MINING AND SMELTING ACTIVITIES
Mining and smelting activities take place in Guangdong, especially in the north and west regions (Qingyuan, Shaoguan), where several large-scale metal mines, including the Dabaoshan, Lechang, and Fankou mines, are located. Large areas of surrounding farmland have been heavily polluted by Cd, Pb, Cu, and Zn (Zhao et al., 2012; Tai et al., 2013; Zhuang et al., 2013) . High concentrations of heavy metals have been reported in the agricultural products, including rice and vegetables, harvested in this area (Dong et al., 2011; Zhao et al., 2012 ). An ecologic investigation performed in the Dabaoshan mine area even revealed probable associations between long-term environmental exposure to Cd and Pb and an increased risk of cancer mortality (Wang et al., 2011a,b) .
AGRICULTURAL PRACTICES
Increased heavy metal accumulation induced by application of inorganic fertilizers (especially phosphate fertilizer) has been reported from many places (Cakmak et al., 2010; Nacke et al., 2013) . This pollution is due to high levels of heavy metals in these commercial fertilizers (Atafar et al., 2010; Nacke et al., 2013) . In Guangdong, most farmland soil belongs to the acidic redsoil type, with comparatively low nutrient (especially P) levels. Therefore, organic or inorganic fertilizers have been commonly applied to the farmland (Wong et al., 2002; Chang et al., 2014) . According to the official data from the Chinese government, the annual application rate of inorganic fertilizers in Guangdong was over 400 kg ha −1 during 2008-2012, far higher than the world average. Although the content of toxic elements in most of the fertilizers in this area is generally lower than in those from the USA and European countries (Luo et al., 2009) , the intensive application of inorganic fertilizer is an important cause of Guangdong farmland heavy metals. In addition, the huge annual applications of organic manure, the traditional agricultural fertilizer, could also cause elevated heavy metal concentrations in the environment . Luo et al. (2009) proposed that in China, livestock manure accounts for more than half of the total Cd, Cu, and Zn inputs in agricultural soils. Chang et al. (2014) found that fertilizer application is the main source of heavy metals in leaf vegetables grown in the Pearl River Delta area.
In Guangdong large amounts of pesticides [especially organochlorine pesticides (Yu et al., 2013) ] are commonly applied by farmers to guarantee the harvest and are deemed to be needed due to the suitability of the climate for growth of many agricultural pests. As some pesticides, such as the extensively used fungicide, Bordeaux mixture, usually contain high levels of toxic metal elements, pesticide application should not be ignored as an important source of heavy metals. Based on their field investigation Cai et al. (2010 Cai et al. ( , 2012 analyzed the sources of heavy metal contamination in the agricultural soil of Dongguan and Huizhou and found that in both areas, such agricultural practices, as application of pesticides and fertilizers, contributed most to the input of Cd.
ATMOSPHERIC DEPOSITION
Atmospheric deposition of trace elements, especially Pb, Cd, and Hg, is known to be an important cause of contamination in polluted areas (Douay et al., 2008) . In Europe, atmospheric deposition is the main factor determining the accumulation of Cd and Pb in mosses (Holy et al., 2010) . In China, Pb-containing gasoline has been prohibited since 2002; however, as the main accompanying element of Zn in mining, Pb is elevated in the atmospheric deposition in many areas (Luo et al., 2009 ). In addition, fossil fuel combustion, including oil consumption, also contributes to the atmospheric deposition of Pb. Cu, Ni, and Zn are commonly used in such vehicle-related products as tires, brakes or automotive radiators, and are therefore emitted into the atmosphere. Luo et al. (2009) analyzed the inputs of trace elements to agricultural soils in China and proposed that the atmospheric deposition is responsible for 43-85% of the total As, Cr, Hg, Ni, and Pb inputs. Considering the frequent industrial activities (such as mining, smelting, electroplating, etc.) and the many motor vehicles in this area, atmospheric deposition in Guangdong is an important cause of heavy metal input to agricultural soils. Thus, Wong et al. (2003) found that atmospheric deposition of heavy metals (Cu, Cr, Pb, and Zn) in the Pearl River Delta was significantly elevated in comparison with that in North America and Europe. They also reported that soil Pb in the Pearl River Delta came mainly from vehicle exhaust emissions. Zhang et al. (2011) found that vehicle exhausts could be important inputs of Cd to the soil in Guangdong. It has also been proposed that vehicle exhaust provides important Pb and Hg inputs to the agricultural soils in Huizhou (Cai et al., 2012) and Dongguan (Cai et al., 2010) cities in Guangdong. Yang et al. (2013a) have studied the spatial distribution of toxic elements in Guangdong soils. Figure 1 shows part of their results for Cd, Cu, and Pb. Only sites with concentrations exceeding 0.5 mg kg −1 of Cd, 70 mg kg −1 of lead, and 40 mg kg −1 of Cu are colored as indicated, but more than half of the province has Cd levels exceeding 0.05 mg kg −1 and almost the whole province Cu levels exceeding 10 mg kg −1 . Not surprisingly, lead occurs around Lechang (E) and Fankou (F). Lead also occurs, often together with copper, in high concentration in several other places. The red spot near the north-east border of the province is associated with the Tapu Pb/Zn deposit, where exploitation is in an initial phase. South-west of it is the Yushui Cu/Pb deposit, which has been FIGURE 1 | Distribution of cadmium (Cd), copper (Cu), and lead (Pb) in the surface soil in Guangdong. The lower concentration limits for coloring indicated in the color key below the map. White areas have lower concentrations than these of all three elements. The pink line around the letter A indicates the city limit of Guangzhou, and the blue line the limit of the Pearl River Delta area. The other letters indicate the following electronic waste/disposing centers ( ) and mining areas ( ): B, Shijiao; C, Longtang; D, Guiyu; E, Lechang; F, Fankou; G, Dabaoshan. Guiyu (D) is marked here because high Cd, Cu, and Pb concentrations were observed in the farmland in this area Lin et al., 2011) . The coloring of the map is based on information in Yang et al. (2013a) , who have missed the heavy contamination in Guiyu (except that by Hg).
SPATIAL DISTRIBUTION OF CADMIUM, COPPER, AND LEAD IN GUANGDONG
heavily exploited since the 1980s. The blue color in the south, on the border of the Pearl River Delta area is due to the Shilu mine (http://mineralresourcemap.com/). The copper in the south-west could be a result of use of copper in aquaculture: copper sulfate is used for control of algae and parasites, and copper is a component in paint used for wood structures. The high copper concentration could also have some connection to the trade and processing of copper nearby. In paddy soil in Guiyu (D in Figure 1 ) there is, according to Li et al. (2011) , up to 1.6 mg/kg of Cd, 140 of Cu, and 93 of Pb, although this is not apparent in the data of Yang et al. (2013a) . Also, according to Yang et al. (2013a) Cd concentrations in agricultural soils within the city limit of Guangzhou do not exceed 0.5 mg/kg, while Cai et al. (2013) report up to 0.88 mg kg −1 , Cheng et al. (2014) up to 0.928 mg kg −1 , and Lu et al. (2007) up to 2.41 mg kg −1 . These latter authors, as well as Bi et al. (2013) give values for Cu and Pb which are compatible with those of Yang et al. (2013a) .
STRATEGIES FOR HANDLING HEAVY METAL CONTAMINATION OF AGRICULTURAL SOILS
With greater public awareness of the implications of heavy metal contaminated farmlands for human health, there has been increasing interest in developing technologies to clean up contaminated soils, or at least to prevent heavy metals from entering into the food chain.
HEAVY METAL CLEAN-UP

Physicochemical remediation
Such physicochemical remediation of heavy metals as soil washing and chelate extraction was used early and has been successfully commercialized in some areas (Mulligan et al., 2001; Jankaitë and Vasarevièius, 2005) . During the remediation procedure, such synthetic heavy metal chelators as ethylenediamine-tetraacetic acid, [S,S]-ethylenediaminedisuccinic acid, or methylglycinediacetic acid (Epelde et al., 2008; Arwidsson et al., 2010) , or sorbents are commonly applied to reduce the solubility and bioavailability of heavy metals in soil.
This physicochemical remediation has proved to be a practical and efficient way for fast remediation of heavy metal contaminated soil, but such technologies need not only expensive chemical reagents and machines but also extensive labor Yao et al., 2012) . In addition, excessive use of chemical chelators results in adverse effects on soil structure, biological activity, and fertility (Yang et al., 2013b) . Worse, the toxic chelators, together with the mobilized metals, may even be transported to the groundwater, making the disadvantage of chelating reagent usage outweigh its advantage (Nowack et al., 2006) .
A partial solution to these problems is to develop more suitable heavy metal chelators or sorbents instead of those currently used. In paddy fields, heavy metals (Pb, Zn, Cu, and Cd) resulting from irrigation with mining wastewater can be largely removed by clean water irrigation for sufficient time (Tai et al., 2013) . Soluble humic substances can be used as washing agents for Cd and Cu contaminated soils (Borggaard et al., 2011) . Some other agricultural waste-derived sorbents may also be used (Sud et al., 2008; Wan Ngah and Hanafiah, 2008) . Due to their biodegradability and low toxicity, biosurfactants produced by microorganisms have been proposed for use in environmental biotechnologies (Pacwa-Plociniczak et al., 2011) . Compared to EDTA, the application of lipopeptide biosurfactants, which are obtained from Bacillus subtilis, can be an efficient and environment-friendly method for removing metals (Cd, Pb, Cu, Zn, Ni, Co) from contaminated soil (Singh and Cameotra, 2013) .
Phytoextraction
Using plants to clean-up target heavy metals (phytoextraction) in soil seems to be an eco-friendly, economically feasible technology (Cunningham and Berti, 1993; Cunningham et al., 1995) , especially after the discovery of heavy metal hyperaccumulators in nature. Hyperaccumulation of heavy metals may have evolved as a defense mechanism against natural enemies (Boyd, 2007) . Mechanisms involved include high expression of heavy metal transporter proteins, excretion of natural chelators, and detoxification. Many studies have investigated the potential for use of hyperaccumulators in remediation of heavy metal polluted farmlands. The maximum Cd phytoremediation efficiency by Beta vulgaris L. var. cicla in paddy fields was found to be 144.6 mg ha −1 during one growing season (Song et al., 2012) . Planting density had a significant effect on Cd phytoextraction efficiency, and double cropping can significantly increase the amount of Cd extracted by Solanum nigrum (Ji et al., 2011) . About 500 hyperaccumulators have been discovered, but most of these have low biomass and slow growth. So far, only Alyssum, a hyperaccumulator species for Ni phytoremediation, has been developed as a commercial technology (Chaney et al., 2007) . On the other hand, some fast-growing plants, such as poplar (Algreen et al., 2013) , willow (Algreen et al., 2013; Van Slycken et al., 2013b) , and vetiver grass, Chrysopogon zizanioides (Punamiya et al., 2010) , have been studied for phytoextraction of heavy metal-contaminated farmland. Despite the lower metal concentrations in their tissues, the final metal extraction for these species is equal to or even higher than that of the hyperaccumulating plants (Punamiya et al., 2010; Lettens et al., 2011; Van Slycken et al., 2013b) . So far, for various reasons, hyperaccumulators or fast-growing species have not been much used in practice .
The increased understanding of the molecular mechanisms of heavy metal accumulation and detoxification has opened a window to overcome the limitation of these "imperfect" species. Genetic engineering technology provides a powerful tool for improving phytoextraction by introducing genes into qualified species to get the "perfect" heavy metal hyperaccumulator, which should provide high rates of heavy metal uptake, fast root-toshoot translocation and great ability to detoxify and sequester heavy metals in leaves. The target genes for the engineered plants are usually those important for metal uptake, translocation, compartmentalization, or those leading to enhanced metal ligand or metal-binding protein production (Kotrba et al., 2009; Shao et al., 2010) . Genetically modified plants have been generated in a few laboratories (Grispen et al., 2011; Ivanova et al., 2011; Zhang et al., 2013b) , and some of them have shown high phytoextraction potential in practice (Baňuelos et al., 2007; Zhang et al., 2013b) . The true phytoremediation potential of genetically modified plants must be further tested in field trials, and before the introduction of these genetically modified plants into the environment, a strict risk assessment of the possibility of genetic pollution is needed. Unlike genetically modified crops, food safety or allergenicity are not relevant issues when transgenic plants are considered for use in phytoremediation. However, transgenic methods sometimes cause interspecies transfer of genes, which is a latent risk.
Besides selection of plants, several other methods have been developed for improving phytoextraction. Such beneficial microorganisms of plants as plant growth promoting bacteria and arbuscular mycorrhizal fungi can be used to facilitate phytoextraction and growth of plants in heavy metal contaminated soil. Babu et al. (2013) found that inoculating the native Pbhyperaccumulator Alnus firma with endophytic bacteria (Bacillus thuringiensis GDB-1) improved the growth of the plants and enhanced the efficiency of phytoremediation of soil contaminated with Pb, Cd, and other metals. Chen et al. (2008) developed a novel metal biosorption system consisting of the symbiotic combination of an indigenous metal-resistant rhizobial strain, Cupriavidus taiwanensis TJ208, and its host plant Mimosa pudica for the removal of heavy-metal pollutants. They found that M. pudica with TJ208 nodules displayed a 71, 81, and 33% enhancement in metal adsorption efficiency for Pb, Cu, and Cd, respectively. Punamiya et al. (2010) reported that vetiver plants in association with arbuscular mycorrhizal fungi (AMF) can be used for improved phytoextraction of Pb. In their experiment, vetiver plants colonized by the AMF not only exhibit better growth, but also significantly increase Pb uptake in roots and higher translocation to shoots at all given treatments. Hu et al. (2013b) found that AMF inoculation not only accelerated the phytoextraction efficiency of Cd by 78% for Alfred stonecrop (Sedum alfredii Hance), but also decreased phytoavailable Cd concentrations by 21-38% via elevating soil pH. Application of organic or inorganic materials has also proved to be useful in improving phytoextraction. Leung et al. (2010) found that the synergistic effect of AMF inoculum and phosphate rock could affect As subcellular distribution of the As-hyperaccumulator Pteris vittata and thereby improve its As removal efficiency under well-watered conditions. Brassica napus can be used for the decontamination of affected soils, and EDTA addition increases the ability of B. napus to accumulate heavy metals (Zaier et al., 2010) .
INHIBITION OF THE ABSORPTION OF HEAVY METALS IN THE EDIBLE PARTS OF CROPS
Removing the heavy metals from contaminated farmland is a priority in reducing the risk of heavy metals entering the food chain. But considering that large areas of farmland have been contaminated by heavy metals, this seems to be an unrealistic short-term goal. Therefore, alternative strategies have been developed to minimize the accumulation of heavy metals in the edible parts of crops.
Pollution-safe cultivar selection and breeding
There is considerable natural variation in the uptake and distribution of essential and non-essential trace elements both between and within species (Wang et al., 2007) . Cultivar selection and breeding programs aim at obtaining varieties (cultivars) possessing heritable low-accumulation of heavy metals as a way of reducing the risk of heavy metals entering human food chains through dietary intake (Grant et al., 2008) . "Variety selection" as a means for reducing such potentially harmful trace elements as Cd, Pb, and As in edible plant organs has been conducted in a wide range of crops, especially grain crops, including rice (Yu et al., 2006; Liu et al., 2007) , wheat (Greger and Löfstedt, 2004) , maize (Dai et al., 2007) , potato (Dunbar et al., 2003) , water spinach (Wang et al., 2007) , Chinese cabbage (Liu et al., 2009 (Liu et al., , 2010 , Chinese flowering cabbage (Qiu et al., 2011b) , peanut (Su et al., 2013) and hot pepper . Pollution-safe cultivars, i.e., cultivars in which edible parts accumulate specific pollutants at a level low enough for safe consumption even when grown in contaminated soil (Yu et al., 2006) , and pollutionfree cultivars (Liu et al., 2012) appear to be within reach. The first commercially-successful low-Cd cultivar in durum wheat (Triticum turgidum L. var durum, Strongfield), which combines high yield, high grain protein concentration, and low grain cadmium concentration (Clarke et al., 2005) , was released in 2004 and is now sown on more than 25% of the durum area in Canada (Grant et al., 2008) . Breeding programs for rice, water spinach, and soybean have also been initialized.
While breeding and variety selection reduce risks posed by heavy metal contamination (Grant et al., 2008) , it is very timeconsuming, especially for out-crossed crops. Therefore, molecular techniques have been designed to produce crops that do not accumulate or accumulate very little of any toxic metal, without reduction of the fitness and nutritional value (Clemens et al., 2013) . For example, the rice quantitative trait locus (QTL) can be applied in marker-assisted breeding, which could avoid the high costs of phenotyping Cd uptake. The low Cd-accumulating grain QTL in durum wheat (Wiebe et al., 2010) has successfully been exploited to achieve substantial reduction of grain Cd in Canadian durum wheat . "Molecular breeding" is dependent on the molecular understanding of the underlying heavy metal accumulating mechanisms.
Recently, rapid and substantial progress has been made in understanding the molecular mechanisms for uptake and distribution of heavy metals in rice (Sasaki et al., 2012) . Yamaji et al. (2013) reported that rice heavy metal ATPase2 (OsHMA2), a member of the P-type ATPases, is involved in preferential delivery of zinc to developing tissues in rice. OsHMA5, another member of the heavy metal P-type ATPase, is involved in loading Cu to the xylem of the roots and other organs (Deng et al., 2013) . Over-expression of OsHMA3 can lead to lower levels of Cd accumulation in the grain of a low Cdaccumulating cultivar (Ueno et al., 2010) . Ishikawa et al. (2012) identified the OsNRAMP5 gene, which encodes a member of the natural resistance-associated macrophage protein family that is responsible for reduced Cd uptake, and developed a strategy for marker-assisted selection of low-Cd cultivars. Further research demonstrated that the OsNAMP5 is the main Cd uptake pathway in rice, providing a practical choice for low-Cd rice production worldwide. Compared to rice, much less information is available for such other major food sources as wheat, potato, soybean, barley, and maize; and the molecular components determining heavy metal movement and their respective contributions under different soil conditions are also far from understood (Clemens et al., 2013) . Therefore, basic research programs regarding mechanisms involving heavy metal uptake and distribution in different crops are urgently needed. While transgenetic methods provide effective assistance in crop breeding, there is much concern and controversy regarding the safety of transgenetic foods (DeFrancesco, 2013) . There is still a long way to go before the genetically modified crops can be widely used to decrease the risk of heavy metals entering the human food chain.
Heavy metal stabilization
Besides the breeding program, the soil stabilization technique can reduce the risk of heavy metals entering the human food chain. The application of immobilizing amendments to the farmland can decrease the bioavailability of toxic heavy metals via adsorption, precipitation, and complexation, thereby reducing their toxicity and accumulation in crops (Udeigwe et al., 2011) .
In agriculture, such various inorganic or organic amendments as animal manure and compost are frequently used to improve the soil properties. Some of these can significantly modify the phytoavailability of heavy metals and may be applied for heavy metal immobilization (Janoš et al., 2010) . Ok et al. (2011) found that the use of rapeseed residue as a green manure in the Cd-and Pb-contaminated rice paddy soils can improve the soil chemical and biological properties, and decrease the heavy metal phytoavailability. Farrell and Jones (2010) demonstrated that several types of compost, including green waste-derived compost, green waste and catering waste-derived compost, green waste, catering waste and paper waste-derived compost, and municipal solid waste-derived compost, are all well suited for revegetation of highly contaminated sites, as their application can reduce soil solution levels of Cu, Zn, Pb, and raise soil pH and nutrient levels.
The application of biochar (chicken manure and green waste), which is produced by low-temperature (400-500 • C) pyrolysis of biomass in an oxygen-free or low-oxygen environment, can improve the biological and physiochemical properties of agricultural soil. More than that, as a typically alkaline material, it can increase soil pH and contribute to stabilization of such heavy metals as Cd, Cu, Pb, etc (Tang et al., 2013; Zhang et al., 2013a) . Soybean stover-derived biochar is effective in immobilizing Pb in contaminated firing range soil (Moon et al., 2013) . Park et al. (2011) evaluated the immobilization and phytoavailability effects of biochar on Cd, Cu and Pb, and found that application of biochar was effective in immobilization of these metals. On the other hand, several studies have reported the increased mobility of As with biochar in soil (Beesley et al., 2010) , which was mainly attributed to the rise in soil pH as well as to As competition with soluble P in biochar. Therefore, before the application of biochar in heavy metal contaminated farmland, one should take into account the types of heavy metals present in the contaminated soil and the types and characteristics of biochars used.
Besides the agricultural materials, numerous industrial byproducts of an inorganic nature (red mud, fly ash), or naturally occurring minerals (zeolites, goethite, ferrihydrite) can serve as immobilizing agents for some metals. Liming is the most common method of treatment and can lead to the precipitation of heavy metals as metal-carbonates and significantly reduce the exchangeable fraction of heavy metals within soils. Abd El-Azeem et al. (2013) found that the application of natural liming materials led to an increase in soil pH, leading to decreased heavy metal availability. They concluded that the application of natural liming materials offers a cost-effective way to immobilize heavy metals and metalloids in soils. Avelar Ferreira et al. (2013) found that the application of limestone induced a significant increase in soil pH, with reductions in Zn and Cd availability of 99 and 94%, respectively, and increased the production of dry matter of several leguminous plants. Rizwan et al. (2012) found that significant plant-available silicon in soil contributes to decreased Cd concentrations in wheat shoots and could be implemented in a general scheme aiming at controlling Cd concentrations in wheat. Fly ash has also been reported to be useful in aiding the phytostabilization of heavy metal-contaminated agricultural lands (Ukwattage et al., 2013) . Several studies have demonstrated that the amendment of fly ash can cause the reduction of heavy metal mobility in soil, leading to decreased heavy metal accumulation in crops (Gu et al., 2011; Masto et al., 2013) . Ram and Massto (2014) further proposed that the performance of fly ash mixed with organic and inorganic materials is better than treatment by fly ash alone. However, it should be noted that the properties of fly ash should be analyzed before its usage, as potentially toxic elements may be present in some of the fly ashes (Pandey, 2013) . Besides, the rate of application, the type and composition of the soil also have important effects on the carryover of heavy metals to crop produce (Ukwattage et al., 2013; Ram and Massto, 2014) .
CHANGE OF THE CROP SYSTEM TO PRODUCE NON-FOOD PRODUCTS
Although various methods (as mentioned above) could be applied to reduce the accumulation of toxic heavy metals in plants, the heavy metal concentration in the edible parts of crops planted in contaminated farmland can still exceed the legal threshold. In such cases a change to non-food crop production appears unavoidable.
Phytomanagement is the combination of profitable crop production with the gradual reduction of soil contamination by phytoextraction (Van Slycken et al., 2013a) . The potential plant harvests in this system are usually such non-food products as biofuel, fiber, wood or, depending on the contamination level, animal feed. Fässler et al. (2010) investigated the long-term effectiveness of phytomanagement to deal with moderately metalcontaminated agricultural land. In a 6-year field experiment, they grew maize (Zea mays L.), sunflowers (Helianthus annuus L.), and tobacco (Nicotiana tabacum L.) in crop rotation and found that while phytoextraction for soil cleansing would require centuries, this land could be used to generate profitable crops, including safe (low Cd) stock fodder fortified with Zn, green manure for micronutrient-deficient soils, or bioenergy. Meers et al. (2005) found that among the four tested biomass producing crops (Brassica rapa, Cannabis sativa, Helianthus annuus and Zea mays), Zea mays has the highest biomass potential on moderately metal contaminated land. Based on a field experiment conducted on a Cd, Zn, and Pb moderately contaminated farmland, Meers et al. (2010) reported that the cultivation of energy maize could result in 33,000-46,000 kW h of renewable energy (electrical and thermal) per hectare per year which, by substitution for fossil energy would imply a reduction of up to 21 × 10 3 kg ha −1 y −1 CO 2 if used to substitute a coal fed power plant. They also introduced the concept of "phytoattenuation," in which the main objective of the conversion of land use is riskreduction combined with generation of an alternative income for the farmer, while decontamination comes as a bonus (Meers et al., 2010) . Van Slycken et al. (2013a) found that the biogas production potential did not differ between energy maize grown on Cd contaminated and non-contaminated soils.
While energy maize seems to be the most promising crop in phytomanagement of heavy metal contaminated farmland, such other fast-growing species as poplar (Algreen et al., 2013) and willow (Witters et al., 2012; Van Slycken et al., 2013b) should also be well suited in this system. In order to facilitate the phytomanagement/phytoattenuation strategy, energy maize cultivars are being selected to optimize their biogas production and heavy metal extraction potentials (Meers et al., 2010) . Similar selection work was also reported for willow (Van Slycken et al., 2013b) . Molecular technologies have also been applied in assisting the development of phytomanagement systems. Ivanova et al. (2011) found that over-expressing the genes gsh1 encoding γ-glutamylcysteine synthetase in the cytosol of poplars induced a twofold increase of intrafoliar GSH concentration and influenced the photosynthetic apparatus, leading to higher tolerance to heavy metal stress under field conditions. Metal-resistant and plant growth-promoting bacteria may be exploited for promoting energy maize biomass production and Cu phytoremediation in a natural highly Cu-contaminated soil (Sheng et al., 2012) . The difference in the Cd and Zn accumulation capacity among willow clones might be at least partly related to differences in associated bacterial populations, implying that there is potential use of plant growth-promoting bacteria in improving the performance of willows in phytoextraction (Weyens et al., 2013) .
Against the background of global change, it can be expected that energy plant cultivation in heavy metal polluted agricultural soils will become more important for both energy generation and for phytoremediation of heavy metal-contaminated soils. Currently, its combination with other techniques (as mentioned in the earlier part of this paper) should be an urgently needed research focus.
SUGGESTIONS FOR FUTURE ACTION
In spite of the existence of various technologies for the remediation of heavy metal contaminated agricultural soils, some are still difficult to put into practice in polluted farmland in Guangdong. This is because of the high demand for food production and the low efficiency and high costs of remediation. Furthermore, in Guangdong the heavy metal contamination in much of the polluted farmland is not monitored, so the quality of the soil is often unknown and pollution is often overlooked (Qiu et al., 2011b) . To reduce the potential health risks of heavy metal pollutants entering the human food chain from contaminated soils via agricultural products, there are several actions that are urgently needed.
REDUCE THE HEAVY METAL INPUTS INTO THE FARMLAND
Investigation and monitoring of heavy metal pollution
There is a high need to conduct a comprehensive investigation of heavy metal contamination levels in the farmland of this area, especially of farmland close to mining areas or industrial centers. For the most contaminated farmlands, long-term programs should be established for monitoring and evaluating the potential risks to human beings and surrounding environments. Besides, the government should make heavy metal pollution information available to the public in a timely fashion. In July 2013, the Guangdong government released the official data on the soil heavy metal contamination levels in the Pearl River Delta (Lin and Song, 2013) . This is probably the first official release of heavy metal contamination information in the mainland of China (Lin and Song, 2013) .
Strict law enforcement
China has rigorous laws for environmental protection, but these laws need to be more strictly executed . As the main source of toxic heavy metals in Guangdong comes from inappropriate and illegal human activities, it is urgently needed to control such activities. For example, the local government needs to improve its supervision of the monitoring of sewage discharge and solid waste disposal. Illegal disposal of pollutants should be punished. The government should also encourage the public to help in monitoring illegal pollutant discharge, especially since most of the electronic electroplating enterprises in Guangdong have been moved to the suburbs or to rural areas.
Conversion to environmentally friendly cultivation systems
The intensive applications of pesticides, inorganic phosphorus fertilizer, and manure to the farmlands are important reasons for heavy metal pollution (especially Cd) in most areas of Guangdong. The development of environmentally friendly cultivation systems is therefore of great importance in reducing the risks of heavy metals entering to the food chain. This will be a systematic task that will need a series of actions.
SAFE USE OF HEAVY METAL POLLUTED AGRICULTURAL SOILS
For the farmlands that are seriously polluted by heavy metals: conversion to a non-food production system For the farmlands that are seriously polluted by heavy metals, the non-food production systems should be developed and introduced in order to reduce levels of heavy metals entering into human food chains. Using biomass produced by such highlycontaminated farmland as feedstock for energy production seems to be an attractive option, provided smoke and ashes are properly handled, since it could even turn phytoremediation into a profit-making operation in some areas (Ghosh and Singh, 2005) . However, as the bio-energy industry is still in its infancy in China, the cultivation of energy crops is not yet a profitable option for farmers. Considering that the Chinese government is currently trying to encourage the development of the bio-energy industry, the Guangdong government could consider providing some temporary economic compensation to farmers for cultivation of energy crops. Such compensation would not be needed when the bio-energy industry in Guangdong has been developed. On the other hand, it is also necessary for scientists to develop additional non-food production systems, such as those for wood or pasture-production.
Cultivar selection or breeding program for rice
For the farmlands that are under middle-or mild-level heavy metal contamination, there are several options. The preferred strategy is to breed the low-accumulating varieties of the target crops without damage to their quality and yields. This strategy has been demonstrated to be effective both theoretically and practically (Grant et al., 2008) and therefore should be highly recommended. In many Asian countries such as Japan, Korea and China, the dietary consumption of rice and vegetables is the main pathway for heavy metal (especially Cd) intake (UNEP, 2008; FAO/WHO, 2010) . As the predominant grain crop in Guangdong is rice, the breeding of low-accumulative rice cultivars is a priority. So far, the selection of such low-accumulative cultivars of rice has been reported (Yu et al., 2006; Liu et al., 2007) and a breeding program for them has been initiated (Ishikawa et al., 2012) . The increased understanding of the mechanisms of heavy metal absorption and translocation in rice should facilitate the breeding program (Clemens et al., 2013) , but a strict safety evaluation should be conducted before the application of transgenetic technology in any food crops. In addition, one of the concerns regarding the cultivar selection or breeding of low-accumulative rice is that with increased use of monoculture there might be a higher risk for damage from plant disease or pests (Matson et al., 1997) .
Selection of low-accumulating vegetable crops
The potential risk of heavy metal contamination of nearly all types of vegetables has been evaluated (Hu et al., 2013a; Liu et al., 2013b) . There are huge differences among vegetable species in their heavy metal accumulation (Wang et al., 2007; Liu et al., 2013b) . Generally, leafy, root and tuber vegetables are more easily polluted by heavy metals, while accumulation is lower in fruit and seed crops (Liu et al., 2007; Hu et al., 2013a) . Therefore, one strategy in dealing with the heavy metal contamination in farmland is to cultivate low-accumulative vegetable species in the polluted or un-monitored agricultural soils. This conversion of crop types should be particularly practical on a large-area scale, since the farmers can cultivate "high-risk" plants in the unpolluted farmland. Indeed, the selection of low-accumulative cultivars of vegetables should also be helpful in reducing risk, considering that most vegetables in Guangdong are produced by local farmers, who usually only own a small area of farmland. So far, the screening of low-accumulative cultivars has been conducted for many vegetables that are easily be contaminated, including Chinese cabbage (Liu et al., 2009) , Chinese flowering cabbage (Qiu et al., 2011b) , water spinach (Wang et al., 2009; Xin et al., 2010) , edible amaranth , pakchoi (Xue et al., 2014) , etc. How to generalize the low-accumulative cultivars should be one of the important tasks in the near future.
Application of organic or inorganic amendments
The applications of organic or inorganic amendments that can inhibit the phytoavailability of heavy metals should also be used in combination with the strategies mentioned above. For example, Qiu et al. (2011a) found that the use of low-Cd cultivars of Chinese flowering cabbage in conjunction with P supply is a very useful way to reduce the pollution risk of Cd in the food chain. Liming is currently the most accepted practice in improving the soil structures in Guangdong. Some low-cost agricultural materials or industrial by-products that could play roles similar to lime should be developed within the cultivation systems and then be introduced to the farmers. The candidates should include biochar, composts, and some silicon-rich amendments.
FINAL COMMENTS
Although China's Ministry of Environment and Ministry of Land and Resources has conducted a "Special Program of National Soil Survey and Pollution Control" and a report has been produced, it has not been made public (Liu et al., 2013c) . The existing scientific literature in Chinese and English is extensive, and we have made an attempt to present here the most important facts about cadmium, copper, and lead pertinent to the situation in Guangdong Province.
